
Abstract. The change in the spectral shape and the Stokes
frequency shift of radiation compressed in SBS is studied
experimentally as a function of the incident laser pulse
intensity. It is shown that when the duration of the reêected
laser pulse is reduced down to the subnanosecond one, its
spectrum is monotonically displaced with increasing the pump
intensity, which leads to a decrease in the Stokes shift. Then,
the spectrum splits and acquires a double-humped shape,
which is explained by the presence of phase modulation in the
vicinity of the SBS resonance.
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1. Introduction

The problem of the spectral line shape produced in SBS is
still open to discussion [1 ë 4]. This is explained by a number
of reasons.

First, the SBS line is rather narrow and its shape is
difécult to study with the help of standard spectral devices
such as a Fabry ë Perot interferometer (even in such a
substance as CCl4, the linewidth is less than 3� 10ÿ3 cmÿ1).

Second, in experiments with focused laser pulses [5],
single-mode ébres [2], SBS ampliéers [6], or four-wave
spectroscopy [7, 8], the laser radiation intensities required
to obtain SBS or to study its line shape can differ by many
order of magnitude and hence, it is difécult to compare the
results obtained under different conditions.

The third factor, which may lead to the spectral shape
deformation, can be the result of the feedback [4]. The
feedback here means the formation of SBS resonators (see,
for example, [9]), whose reêecting elements, due to giant
gains, can be the cell surfaces or simply scattering dust.

Fourth, the SBS spectrum has a stochastic nature of this
process, i.e. information on the SBS line shape, as in the case
of SRS, requires several pulses to be formed [1, 10]. There-
fore, to avoid hardware smoothing of the spectral
peculiarities, it is necessary either to stabilise the excitation
laser radiation frequency or to measure the spectral dis-

tribution in each pulse and only then to integrate it by
selecting the laser line as a reference.

Pulse compression in SBS is a particular area in the SBS
research because the process is fundamentally nonstationary
[11, 12]. The Stokes pulse duration signiécantly decreases,
which, according to the uncertainty principle, leads to the
spectral broadening making it possible to study the spectral
distribution with the help of a Fabry ë Perot interferometer.
Pulse shortening excludes the possibility of the feedback
appearance, which does not have time to develop during the
Stokes pulse formation. The discrepancies caused by the use
of different schemes and thus by different laser intensities
are also eliminated because use is made of megawatt laser
pulses focused in a certain way to perform efécient
compression. The problems associated with the statistics,
in other words, with the reproducibility of the Stokes
spectrum from pulse to pulse during compression, still
remain open to question.

Previously, the spectrum of a pulse compressed in SBS
was experimentally measured in papers [13, 14] with the help
of a scanning interferometer. The obtained spectra were
averaged over several pulses and the authors were interested
in their half-widths.

In this paper, we study experimentally the SBS spectra
during the compression of pulses of different durations at
various pump powers as well as the self-phase modulation
processes caused by the SBS nonlinearity.

2. First compression stage

The basic optical scheme of the experimental setup is
presented in Fig. 1. The pulse was compressed with the help
of SBS down to nanosecond durations by using two
methods: the one-cell method, by using a SBS generator;
and the two-cell method, by using the scheme with a SBS
generator and a SBS ampliéer (similarly to papers [13, 15]).
A pulse (ampliéed up to 50 ë 100 mJ) from a 1.055-mm
single-mode, single-frequency, Q-switched Nd : glass laser
propagated through optical polarisation Faraday isolator
( 1 ) whose magnetic éeld was formed by a system of
permanent magnets. Then, the output pulse was broadened
by collimator ( 2 ) up to 1.5 ë 2 cm in diameter and focused
by long-focus lens ( 3 ) in the vicinity of the output end of 2-
m-long cell ( 4 ) élled with CCl4. In one case, the focus was
inside the cell and in the other ë outside the cell (depending
on the method employed).

Consider érst the scheme with a generator, i.e. the case
when the laser beam was focused inside the cell at a distance
of � 30 cm from the output window. A phase-conjugated
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pulse reêected backward and compressed during SBS was
coupled out with the help of polarisation isolator ( 1 ).
Oscillograms of incident (Fig. 2a) and compressed
(Fig. 2b, a) pulses were measured with a FK-15 photocell
on the C7-19 oscilloscope. One can see from Fig. 2 that the
bell-shaped laser pulse with the FWHM of 25 ns was
converted during compression in a short pulse with a
subnanosecond leading edge and a more sloping trailing
edge. Its pulse duration varied from 1.3 to 1.7 ns depending
on the pump level. Simultaneously with the temporal shape
of the pulse, we detected the spectrum of reêected radiation
(by using the method described in [16]). For this purpose,
the beams of pump radiation and of light backscattered in
SBS were separately coupled into glass ébres ( 13 ) with a
rectangular cross section. The ébres were placed at a small
angle to each other and their dull output ends touched one
of the faces. Radiation scattered by the faces was collected
by lens ( 14 ), transmitted through Fabry ë Perot interfer-
ometer ( 15 ) with a 15-cm baselength, and imaged by
objective ( 16 ) onto the LCL-902C CCD matrix so that
the pump and SBS spectra were registered by different parts
of the matrix. The dynamic range of the device relative to
the intensity exceeded 200. The digitised interferograms
were processed by a PC. Then, to determine the spectrum
I (vst), the interferogram centre and average energy densities
were found; next, the argument was reduced to the linear
dependence of the Stokes shift frequency I (r 2). After it, the
argument was shifted by a value corresponding to one of the
pump distribution maxima as well as its normalisation.

Figure 3 presents the results of processing of the
experimental data. The spectral shape of Stokes radiation
was reproduced from pulse to pulse and only the position of
the maximum varied in the range of � 100 MHz. The
probability density of énding the spectrum maximum in
this spectral range, determined by 50 measurements, is
shown by curve ( 1 ). It has a double-humped shape and
the peaks correspond to the components of the éne SBS
structure obtained in CCl4 under completely different
experimental conditions [1]. If we consider the Stokes
spectrum even in a single pulse, we neither énd the éne
structure not its presence in the averaged spectrum [see
curve ( 2 )]. In our opinion, this can be explained as follows.
Obviously, already at the initial stage, the high-power
hypersound frequency generated near the focus is related
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Figure 1. Basic scheme of the experimental setup: ( 1 ) optical Faraday isolator on permanent magnets; ( 2 ) fourfold collimator; ( 3, 5 ) long-focus
lenses; ( 4 ) two-meter cell of the érst SBS compressor (élled with CCl4); ( 6, 11 ) focusing lenses; ( 7 ) thermostatically controlled cell with hexane; ( 8 )
plane-parallel plate; ( 9 ) polarisation decoupling based on Fresnel rhomb; ( 10 ) twofold collimator; ( 12 ) 70-cm cell with CCl4 for recompression; ( 13 )
glass ébres; ( 14 ) reêecting lens; ( 15 ) Fabry ë Perot interferometer; ( 16 ) objective; ( 17 ) CCD camera.

tp � 25 ns

I (rel. units)

0

1.0

0.6

0.2

0.4

0.8

70 90 110 130 150 t
�
ns

a

ÿ2 0 2 4 6 8 10 t
�
ns

35 mJ
55 mJ

b

I (rel. units)

0

1.0

0.6

0.2

0.4

0.8

ÿ5 0 5 10 t
�
ns

c

I (rel. units)

0

1.0

0.6

0.2

0.4

0.8

hexane
acetone

Figure 2. Oscillograms of an incident pulse (a) and pulse compressed in
SBS at the initial stage of emission (b, c) in the case of generation at
different levels of the pump excess over the threshold and W � 35 and
55 mJ (b) and upon amplifying seed signals generated in hexane (solid
curve) or acetone (dashed curve) with a Stokes shift 2860 and 2990 MHz,
respectively (c).
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with a high probability to one of the doublet lines found in
[1]. During the pulse compression which occupies most of
the interaction region, the initial narrowband Stokes signal
with a corresponding frequency shift is compressed in time,
remaining Fourier transform limited. The spectral distribu-
tion of this signal is given by the expression
I (o) / j � ��������

I (t)
p

exp (iot)dtj2, and the maximum corre-
sponds to the narrowband seed frequency. Curve ( 3 )
was obtained from this expression, taking into account
the temporal shape I (t) of the compressed pulse. Compar-
ison of this curve with integral spectrum ( 2 ) shows that we
deal here with an insigniécant phase modulation expanding
the spectrum to the Stokes side. The phase modulation can
be estimated from the expression for the éeld amplitude
exponentially ampliéed with the increment gI (t)L near the
resonance line with a relative detuning from the resonance
by d � (OS ÿ OMB)=G [ g, OS, OMB, G are the gain, Stokes
shift, resonance Mandel'shtam ëBrillouin (MB) frequency,
and the line half-width, respectively]:

eS�d� / exp
gIL

1ÿ id
. (1)

Assuming that I (t) has a smooth bell-like shape with a
characteristic time tp, we will estimate the spectrum
broadening from the expression

D�oS /
gIL

tp

d

1� d 2
.

This estimate gives the broadening � 100 MHz at gIL � 25,
d � 0:5 and tp � 12 ns.

The spectrum of the pulse compressed during SBS at this
compression stage (from 30 to 2 ns) is conéned inside the
spontaneous scattering line ( 4 ) taken from paper [7]. This
spectrum detected in each pulse contains information on the
structure typical of the stationary SBS, and its shape only
slightly differs from the Fourier spectrum of a transform
limited pulse.

It is known (see, for example, [17]) that the SBS
compression of pulses in the generator regime is charac-

terised by noticeable energy êuctuations of the compressed
pulse. This seems to be caused by the instability of the
Stokes frequency shift. To make the SBS compression of the
pulse more stable, we used a two-cell compression scheme
(see Fig. 1). An identical scheme was proposed for phase
conjugation of high-power laser pulses [6], and later was
used for pulse compression in paper [15]. This scheme can
make use of the cells with the same substance. In our case,
the generator cells were élled with the substances whose
Stokes shifts were close to the resonance frequency of the
ampliéer. When the working substance was hexane or
acetone, the compressed pulse duration was virtually the
same (Fig. 2c) and amounted to the FWHM of � 2:5 ns.
One can see from this égure that in one of the cases we deal
with the pulse trailing edge pulling, which can be explained
by the presence of radiation absorption in acetone,
� 0:05 cmÿ1. Then, we used a cell with hexane placed
into a thermostat as a generator. The thermostat temper-
ature increased from 15 to 35 8C; in this case, the Stokes
shift of the seed signal changed so that we could choose any
segment of the central spectral part of the SBS-ampliéer
élled with CCl4, which operated at room temperature
(20� 1 8C).

Figure 4 presents the dependence of the gain Rcomp on
the frequency of the seed Stokes signal received from a cell
with hexane. We will determine Rcomp as a peak pulse power
during SBS, normalised to the peak power of the pump
pulse. In our experiments, this quantity is noticeably larger
than unity. One can see that the SBS compressor operates
stably and eféciently in the region of the seed Stokes wave
frequency (2.7 ë 2.8 GHz). In the experiment, this corre-
sponds to the hexane temperature 25� 3 8C, which was used
in further tests.

3. Pulse recompression

To convert the energy of a high-power laser pulse with
duration of tens of nanoseconds to the subnanosecond
range, double SBS compression is required. This is caused
by a number of reasons. First, energy is effectively
converted into a Stokes wave only at the compression
coefécients no more than 10. Second, the power required
for SBS generation grows exponentially only when the
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Figure 3. Spectral characteristics of Stokes radiation at the érst stage of
pulse compression obtained during generation; ( 1 ) probability of the
position of the spectral distribution maximum; ( 2 ) spectral distribution
of Stokes radiation averaged over 50 pulses; ( 3 ) spectral model taking
into account only the amplitude modulation of the signal; ( 4 ) line
spectrum of spontaneous scattering in CCl4.
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Figure 4. Dependence of the SBS conversion eféciency at the érst stage
of pulse compression on the seed radiation frequency; squares are the
experiment and the curve is the approximation by Gaussian distribution.
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pump pulse duration approaches t � 1=G [18] and the
competing processes of SRS type [19] are brought to the
fore. Thus, to obtain a pulse with duration smaller than t,
we érst compressed it down to duration of several t and
then recompressed it.

The optical scheme of the recompression stage is shown
in the right-hand side of Fig. 1. The frequency- and
intensity-stabilised laser pulse compressed down to
� 2:5 ns in the two-cell scheme was coupled out during
the backward pass through Faraday isolator ( 1 ). Then, the
pulse propagated through beamsplitting plate ( 8 ) and
polarisation decoupling based on Fresnel rhomb ( 9 ). After
it, the beam responsible for pumping was broadened by
collimator ( 10 ) up to diameter � 1 cm and focused into the
part (farthest from the input window) of the 70-cm cell also
élled with CCl4. Backward reêected Stokes radiation was
deêected by polarisation decoupling ( 9 ) into a system
registering the spectrum and the temporal shape. The latter
was detected with the FK-15 photocell connected to the C7-
19 oscilloscope. Figures 5a, b show the oscillograms of the
compressed pulses. Figure 5c presents for comparison the
instrument function of the receiver, obtained with the help
of a subpicosecond laser pulse. The compressed pulse
duration can be estimated, assuming that the square of
the duration on the oscillogram with respect to the half-
height is obtained from the sum of the squares of the
duration of the pulse itself and the width of the instrument
function. This estimate is rigorously valid only for Gaussian
pulses but gives satisfactory results also for other smooth

pulses. Bearing this in mind we obtain that the compressed
pulse duration in Fig. 5a is tp � 400� 50 ps. In the case,
when the pump intensity exceeded the SBS threshold by
several times, the compressed pulse duration (Fig. 5b) was
less than 300 ps, and the above described method for taking
into account the instrument function proved unét because
the errors in determining tp were comparable with the result.

The spectral distributions of the pump radiation and
Stokes signal (Fig. 6) were obtained by using a Fabry ë
Perot interferometer with a 7.5-cm baselength; as a result,
the SBS spectrum in CCl4 (where Dv � 2:75 GHz) was
observed only in the case of double overlap of the orders.
However, because the éelds of the Stokes signal (the upper
part of the spectrogram) and pump (the lower part) are
separated this overlap did not noticeably affect the quality
of the measured spectra. In the vicinity of the SBS
observation threshold (Fig. 6a), the compressed pulse spec-
trum was of a bell-like shape. When the pump level largely
exceeded the threshold, the Stokes spectrum strongly
broadened and became two-humped (Fig. 6b).

An increase in the pump from the threshold value to the
level, exceeding the threshold by more than eight times,
allowed us to follow the behaviour of the spectrum of
radiation compressed down to subnanosecond duration.
For clearness, the peak value of the spectral distribution
in each case was normalised to unity. The data array of the
spectral values obtained in this way was represented in the
form of a three-dimensional plot whose third coordinate is
the pump energy W. The spectral dependence of the array of
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Figure 5. Oscillograms of pulses compressed in SBS down to subnano-
second durations at pump levels exceeding the lasing threshold by 1.5 ë 2
times (a) and éve times (b); (c) is the instrument function of the detecting
FK-15 photocell.
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Figure 6. Spectra of Stokes radiation compresses down to subnanose-
cond durations in the vicinity of the lasing threshold (a) and in the case
of évefold excess over the threshold (b). Upper part of the spectrograms
corresponds to Stokes radiation and the lower ë to pump.
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the experimental points I (Dv,W) shown in Fig. 7 was
plotted using the MathLab software package. One should
not be surprised by the fact the the pump energy plotted on
one of the axes does not exceed 20 mJ because it is necessary
to remember that the pump pulse duration is � 2:5 ns and
the intensity in the lens focus for these energies is close to the
intensity at which an optical breakdown in a liquid is
observed. Figure 7 (because of the averaging inherent in
MathLab) shows only the general tendency of a change in
the SBS spectrum in the nonstationary case up to almost a
tenfold excess over the threshold. Let us describe these
experimental results in detail.

Near the threshold, the Stokes spectrum has a Gaussian
shape with the half-width of 335� 10 MHz. This is delib-
erately larger than the stationary value estimated Dvsp=

����
G
p

� 100 MHz (for G � gIL � 25), where Dvsp is the width of
the spontaneous Brillouin line at FWHM and G is the gain
increment. Note that the position of the spectrum maximum
at identical pump intensities is stable with an accuracy up to
20 MHz, i.e. radiation whose spectrum is in the vicinity of
the SBS resonance centre develops from spontaneous noises.
While increasing the pump intensity up to threefold access
over the threshold, we observed a monotonic displacement
of the Stokes line maximum approximately by 150 MHz, the
line shape remaining Gaussian in this case.

When the threshold is exceeded by 3 ë 3.5 times, the SBS
spectrum is not uniquely deéned by the position of the
maximum and is far from Gaussian. If the maximum of the
spectrum is displaced from the SBS resonance (which occurs
most often), we observe, in the direction to the resonance, a
sloping line wing with a weakly pronounced maximum in
those case when this wing is rather intense. In the case of a
four ë eightfold excess over the threshold, the SBS spectrum
stably has a doublet shape. The distance between the
doublet maxima remains constant (300� 20 MHz) and
the entire linewidth (FWHM) is � 800 MHz, i.e. noticeably
exceeds the linewidth of spontaneous Brillouin scattering
(� 530 MHz). The doublet maxima are located symmetri-
cally with respect to the line centre. The position of the
maxima changes by 100 ë 150 MHz, i.e. if to measure the
SBS spectrum integrally (per several pulses), the doublet will

be absent in the spectrum (obviously, this is the case in
paper [14]). Note that the observed doublet consists of
broad lines and does not contain narrowband components,
which would indicate the presence of not very intense but
time stretched tail of the Stokes pulse.

4. Discussion of the results. Conclusions

Time integrated measurements of the Stokes spectrum
during the SBS compression of a laser pulse from 25 to
1.5 ë 2.5 ns have shown that at this stage SBS spectrum is
smooth, amplitude modulated and transform limited. The
maximum of the spectral distribution in each realisation is
found for the Stokes shift eigenfrequency at which the SBS
compression develops. Statistics of the position of the
maxima coincides with the SBS spectrum structure we
found previously.

Thus, it has been determined experimentally that the
phase modulation during the SBS compression of a pulse is
not observed in the spectrum until the Stokes pulse duration
is smaller than the lifetime of hypersound phonons (tp > t).
This is explained by the fact that ampliécation of Stokes
radiation will be virtually uniform with respect to the
frequency in the vicinity of the Brillouin line peak.

At the next compression stage (from 2.5 to 0.5 ë 0.3 ns),
radiation experiences phase modulation. This is érst man-
ifested in a decrease in the Stokes shift near the SBS
observation threshold. When the pump intensity is
increased, the spectrum becomes unstable, broadening in
the direction of the Brillouin resonance in the form of a
wing. The further increase in the pump intensity leads to
spectrum stabilisation; it becomes two-humped, symmetric
with respect to the position of the SBS resonance of the
liquid under study (in this case, CCl4).

When the pulse is shortened down to the values smaller
than t, radiation spectrally broadens and the ampliécation
process becomes thus frequency inhomogeneous. Moreover,
because of the asymmetry of the SBS resonance [20], the
spectral part of Stokes radiation with the smallest frequency
shift will experience the largest ampliécation. At the initial
stage, this will result in a decrease in the Stokes shift of the
line. With a stronger interaction, most of the energy already
at the pulse onset will be on the anti-Stokes side from the
resonance with a characteristic displacement by DO, which is
� 2p�150 MHz in our case (see Fig. 7). In this case, for time
t so that tDO � p, the phase of the acoustic wave will be
shifted, leading to its suppression; as a result, the anti-
Stokes part of the line will be suppressed and its Stokes part
will be generated, accompanied by the pump saturation.
With exceeding manifold the SBS threshold, the process can
be repeated.

The Brillouin line asymmetry depends on the ratio of its
half-width to the Stokes shift quantity. This ratio (for CCl4
it is � 0:1) determines the phase-modulation dynamics. The
quantity of splitting should be comparable with the line-
width, which is observed in the experiment. Present
investigations of the phase-modulation properties during
the SBS compression can form the basis for selecting the
theoretical model of the process; the quantitative description
of the phase-modulation phenomenon in SBS is a separate
problem and will be performed elsewhere.
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